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Abstract 8 
The Wistar Kyoto (WKY) rat has been proposed as a model of depression-like symptoms.  However, 9 
anhedonia - a reduction in the response to normatively rewarding events – as a central depression 10 
symptom has yet to be fully assessed in this model.  We compared WKY rats and Wistar controls, 11 
with stress-susceptibility examined by applying mild unpredictable stress to a subset of each group.  12 
Anhedonia-like behavior was assessed using microstructural analysis of licking behavior, where 13 
mean lick cluster size reflects hedonic responses.  This was combined with tests of anticipatory 14 
contrast, where the consumption of a moderately palatable solution (4% sucrose) is suppressed in 15 
anticipation of a more palatable solution (16% sucrose).  WKY rats displayed greatly attenuated 16 
hedonic reactions to sucrose overall, although their reactions retained some sensitivity to differences 17 
in sucrose concentration.  They displayed normal reductions in consumption in anticipatory contrast, 18 
although the effect of contrast on hedonic reactions was greatly blunted.  Mild stress produced 19 
overall reductions in sucrose consumption, but this was not exacerbated in WKY rats.  Moreover, 20 
mild stress did not affect hedonic reactions or the effects of contrast.  These results confirm that the 21 
WKY substrain express a direct behavioral analogue of anhedonia, which may have utility for 22 
increasing mechanistic understanding of depression symptoms. 23 
 24 
1. Introduction 25 
Depression is a highly debilitating disorder with symptoms that manifest at the psychological, 26 
behavioral and physiological levels. With higher prevalence than other psychiatric disorders, it has 27 
been reported that approximately 16% of people will develop depression at some point over their 28 
lifetime (Kessler et al., 2003), and is currently the leading global cause of disability (WHO, 2018). 29 
While the presentation of depression is varied, a central symptom is anhedonia (American Psychiatric 30 
Association, 2013) – a reduction in the response to normatively rewarding events (Gorwood, 2008; 31 
Ribot, 1897), including both consummatory (in the moment pleasure) and anticipatory (expected 32 
pleasure) deficits (Gard, Gard, Kring, & John, 2006; Rizvi, Pizzagalli, Sproule, & Kennedy, 2016). 33 
Although pharmacotherapy is typically the first-line treatment for depression, current antidepressant 34 
drugs are only partially effective (approximately 20% better recovery rates than no-treatment 35 
controls), with a slow onset of action (4-6 weeks), and with few genuinely new compounds recently 36 
introduced clinically (Belzung, 2014; Willner & Belzung, 2015). Valid animal models play a central 37 
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role in the investigation of basic pathology and development of novel therapeutic techniques 38 
(Overstreet, 2012; Willner & Belzung, 2015). Much of the animal modelling of depression has 39 
focused on the application of stress (e.g. the chronic mild stress procedure), but applying this to 40 
genetically “normal” animals does not account for the evidence that there are material differences 41 
between individuals in the risk of depression and thus that considering dispositional factors is vital in 42 
a truly valid modelling approach (Wang, Timberlake, Prall, & Dwivedi, 2017; Willner & Belzung, 43 
2015). A variety of rodent modes of susceptibility to depression, stress, and/or anxiety have been 44 
proposed, amongst these the Wistar-Kyoto (WKY) rat is becoming increasingly recognized for its 45 
promise in reflecting key aspects of depression (Nam, Clinton, Jackson, & Kerman, 2014; Overstreet, 46 
2012; Wang et al., 2017; Willner & Belzung, 2015). 47 
Originally bred as controls for the Spontaneously Hypertensive Rat (Louis & Howes, 1990), 48 
WKY animals were soon noted as having high susceptibility to stress-ulceration (e.g., Pare, 1989b; 49 
Pare & Kluczynski, 1997; Pare & Redei, 1993), and subsequent research revealed greater expression 50 
of behavioral markers in rodent depression studies (e.g., Pare, 1989a, 1989b; Pare & Kluczynski, 51 
1997; Pare & Redei, 1993; Rittenhouse, Lopez-Rubalcava, Stanwood, & Lucki, 2002), as well as 52 
deficits on other tests relating to anxiety and/or depression (e.g., D'Souza & Sadananda, 2017; De La 53 
Garza & Mahoney, 2004; Ferguson & Gray, 2005; Pardon et al., 2002; Pare, 1994; Shepard & Myers, 54 
2008; Solberg, Olson, Turek, & Redei, 2001). Moreover, the WKY rat appears to be insensitive to 55 
some common antidepressant compounds (e.g., Lahmame, delArco, Pazos, Yritia, & Armario, 1997; 56 
Lopez-Rubalcava & Lucki, 2000; Tejani-Butt, Kluczynski, & Pare, 2003), suggesting it may be 57 
particularly suitable as a model of treatment-resistant depression. Despite this promising literature, 58 
the key question of whether WKY rats truly display anhedonia remains to be answered: partially 59 
because of some inconsistencies between reported results and partially because of the nature of the 60 
testing methods used.  61 
In assessing anhedonia, traditional tests have relied on the consumption of (or preference for) 62 
sweetened solutions such as sucrose or saccharin, on the assumption that a lowered hedonic response 63 
to palatable sweet flavors would be directly analogous to anhedonia (Forbes, Stewart, Matthews, & 64 
Reid, 1996; Muscat & Willner, 1992; Papp, Willner, & Muscat, 1991; Willner, Towell, Sampson, 65 
Sophokleous, & Muscat, 1987). But while palatability certainly can influence consumption, a great 66 
many other factors will also produce consumption changes, including differences in motivation and 67 
physiological need, postingestive effects, and satiety (Booth, Lovett, & McSherry, 1972; Brennan, 68 
Roberts, Anisman, & Merali, 2001; Dwyer, 2012; Lewis, Benn, Dwyer, & Robinson, 2019; Warwick 69 
& Weingarten, 1996). Thus, reductions in the consumption or preference for sweet flavors is not 70 
uniquely consistent with anhedonia and assuming consumption changes reflect hedonic responses is 71 
problematic. Moreover, direct intake measures only address the consummatory aspects of anhedonia 72 
and not anticipatory anhedonia. In addition, although there are several reports that WKY rats display 73 
deficits in sweet flavor consumption or preference (e.g., Burke et al., 2016; D'Souza & Sadananda, 74 
2017; Fragale, Beck, & Pang, 2017; Luo et al., 2015; Malkesman et al., 2005; Shoval et al., 2016) 75 
others report no such deficits and even enhancements of consumption/preference (e.g., Mileva & 76 
Bielajew, 2015; Nam et al., 2014).  77 
In response to the fact that consumption-only measures do not directly assess hedonic 78 
reactions, more sensitive assays of hedonic behavior have been developed. For example, orofacial 79 
reactivity tests (Grill & Norgren, 1978), use the fact that responses to intra-orally infused solutions 80 
can be separated into appetitive and aversive behavior patterns. This measure has been extensively 81 
used in the context of separating hedonic and other components of reward processing and their 82 
biological basis (e.g. Berridge, 1996; Berridge & Robinson, 1998; Castro & Berridge, 2014). While 83 
they have been used in a highly productive manner, orofacial reactivity tests have some practical 84 
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limitations, particularly concerning the effective life of implanted oral cannula and the separation of 85 
voluntary consumption from the reactions to infused solutions. An alternative approach to assessing 86 
hedonic responses relies on the analysis of the microstructure of voluntary consumption – rodents 87 
typically produce clusters of licks separated by pauses, and the mean number of licks per cluster 88 
displays a positive monotonic relationship with the concentration of palatable sucrose solution (e.g., 89 
Davis & Perez, 1993; Davis & Smith, 1992; Spector, Klumpp, & Kaplan, 1998), a negative 90 
relationship with unpalatable solution such as quinine (Hsiao & Fan, 1993; Spector & St John, 1998), 91 
as well as being sensitive to pharmacological interventions known to affect palatability in humans 92 
(Asin, Davis, & Bednarz, 1992; Higgs & Cooper, 1998). Critically, lick cluster size is not simply a 93 
proxy for consumption: although cluster size increases with increased sucrose concentration, the 94 
amount consumed decreases at high concentrations due to satiety (e.g., Ernits & Corbit, 1973); while 95 
studies of conditioned taste aversion and preference have also shown that palatability and 96 
consumption can dissociate (e.g., Dwyer, 2009; Dwyer, Boakes, & Hayward, 2008; Dwyer, Burgess, 97 
& Honey, 2012; Dwyer, Gasalla, & Lopez, 2013; Dwyer, Pincham, Thein, & Harris, 2009). Thus, in 98 
the present experiments we used the analysis of lick cluster size to provide a means of selectively 99 
assessing palatability responses. We have previously used this method to demonstrate the presence of 100 
an anhedonic profile in animals subject to social- (Dwyer, 2012) or handling-stress (Clarkson, 101 
Dwyer, Flecknell, Leach, & Rowe, 2018), as well as in a genetic model for Silver Russell Syndrome 102 
(McNamara, Davis, Dwyer, John, & Isles, 2016), while ruling out hedonic disturbance in a model for 103 
Prader-Willi syndrome (Davies et al., 2015) and NMDA antagonist models for psychosis (Lydall, 104 
Gilmour, & Dwyer, 2010).  105 
As previously mentioned, anhedonia in depression can separate between consummatory and 106 
anticipatory deficits (Gard et al., 2006; Rizvi et al., 2016). Moreover, there is evidence from patient 107 
studies that both consummatory and anticipatory hedonic deficits are present in depression (Liu et al., 108 
2011; McFarland & Klein, 2009). In order to address both anticipatory and consummatory aspects of 109 
anhedonia in WKY rats we used an anticipatory contrast procedure (e.g., Flaherty, 1996; Flaherty & 110 
Rowan, 1985). This involves giving rats access to two solutions each day, when the first solution is 111 
of a lower concentration than the second (e.g. 4% then 32% sucrose), both consumption of, and the 112 
lick cluster size for, the initial solution are suppressed compared to when the two solutions are of 113 
equal concentration (Arthurs, Lin, Amodeo, & Reilly, 2012; Wright, Gilmour, & Dwyer, 2013). 114 
Thus, anticipatory contrast involves the downregulation of the current hedonic experience based on 115 
the expectation of a future event of high value and reflects anticipatory aspects of hedonic responses. 116 
We complemented this anticipatory test with the analysis of licking microstructure during the simple 117 
consumption of a range of sucrose concentrations in order to examine consummatory hedonic 118 
responses.  119 
In addition, it is uncertain whether the deficits seen with WKY rats are exacerbated by external 120 
stressors (compare (Nam et al., 2014; Pare & Kluczynski, 1997) with (Malkesman, Maayan, 121 
Weizman, & Weller, 2006; Sterley, Howells, & Russell, 2011)). Thus we used a factorial design 122 
whereby both WKY and Wistar control groups were divided and an attenuated chronic mild stress 123 
procedure (Willner, Muscat, & Papp, 1992; Willner et al., 1987) was applied to half of the rats in 124 
each group. The stressor involved exposures to a brief swimming event, and thus also provided an 125 
opportunity to confirm that the typical WKY deficit on this task was present in the current cohort of 126 
animals. Importantly, the frequency of the stressor application was reduced compared to the typical 127 
chronic mild stress procedure (3 per week as opposed to daily treatments) in order to test whether 128 
WKY animals would be susceptible to a lower level of stress than that required to produce effects in 129 
control animals. 130 
 131 
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2. Materials & Methods 132 
 Animals 133 
 Male Wistar (N = 24) and Wistar Kyoto (WKY, N = 24) rats were used. Both were from 134 
Charles River (UK) breeding stocks and were delivered to Cardiff University at approximately 11 135 
weeks of age. On arrival both Wistar and WKY rats were split in to two weight-matched groups of 136 
twelve into either a ‘No-stress’ or a ‘Stress’ condition (Mean Weights (± SEM): Wistar No-Stress 137 
177.8 g (± 3.9); Wistar Stress 182 g (± 6.8); WKY No-stress 182.3 g (± 4.2); WKY Stress 178.4 g (± 138 
7.9)). No-stress rats were housed in pairs and their home cages included standard environmental 139 
enrichment (tubes and gnawing sticks). Stress rats were singly housed in a separate room and no 140 
environmental enrichment was provided. Prior to the start of experimental work, all animals were 141 
placed on a food-restricted diet, which maintained them between 85 to 95% of their free feeding 142 
weights (this was matched to the expected growth rate of free-feeding animals, and thus weights 143 
during the experimental periods actually exceeded the original free-feeding weights). Their food 144 
ration was given in their home cage approximately 30 min after behavioral procedures (or around 145 
5pm if there were no procedures on that day). Careful monitoring was employed throughout to ensure 146 
that rat weights, as a percentage of free-feeding weights, did not differ significantly between the two 147 
strain and stress conditions. Animal weight data during the experimental periods and its analysis can 148 
be found in Table S3 (for the Anticipatory Contrast study) and Table S4 (for the Consumption study). 149 
Food restriction was performed to motivate the consumption of the caloric sugar solutions and also 150 
allowed for the motivational state of the stressed and non-stressed animals to be matched in case the 151 
stress procedures created a difference in energy demands between conditions. While food restriction 152 
may affect lick cluster size (compare Davis & Perez, 1993; with Spector et al., 1998) this is unlikely 153 
to have a material effect on the results obtained here because the food restriction was applied to all 154 
animals and groups were equivalent in terms of the effects of restriction on body weight as a 155 
percentage of free feeding weights (see Tables S3 and S4). Unless otherwise specified, rats were held 156 
under a 12-hour light/dark cycle. Experimental sessions were performed during the light phase, 157 
beginning at approximately 11am, and were conducted 6 to 7 days per week. Due to the provision of 158 
food rations and application of stress procedures (or handling in the No-stress conditions) during the 159 
light phase, rats had two weeks to adapt to procedures occurring in this phase, thus minimizing the 160 
impact of testing normally nocturnal animals during the day. At the end of experimental procedures, 161 
all rats were killed using CO2 inhalation. This project was considered and approved by the Cardiff 162 
University Animal Welfare and Ethical Review Board (AWERB) and all experiments were 163 
conducted in accordance with the United Kingdom Animals Scientific Procedures Act, 1986. 164 
 165 
 Mild Stressor Tests  166 
 Rats in the Stress condition underwent a series of mild social and environmental stressors 167 
which commenced a week prior to testing. This continued throughout the course of these 168 
experiments. Each week, rats in the stress group were exposed to three of five possible stressors: wet 169 
bedding, overnight illumination, cage swap with an unfamiliar rat, pair-up with an unfamiliar rat, and 170 
a brief swim test. Details of the stress procedures, including the relationship to other experimental 171 
manipulations, are shown in the Supplementary Materials (see Tables S1 & S2). The identity of the 172 
stressor was randomly allocated, as was the day on which it was given. When stress manipulations 173 
were to occur on the same day as an experimental session, the stressor was applied after the training 174 
or test session had been carried out. Rats in the No-stress condition were gently handled on the same 175 
days as stress procedures were applied. 176 
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 During brief swim tests, the rats' behavior was recorded via a camcorder mounted above the 177 
water cylinders. Data was scored using a time sampling technique, whereby the rats’ predominant 178 
behavior was noted every 2 s across the 120 s test. Recording commenced as soon as the rats had 179 
entered the water. Their behavior was scored as either ‘Active’, ‘Escape’ or ‘Immobile’. Active 180 
behavior was recorded when the rat was swimming, climbing or diving. Thus, rats would be 181 
considered ‘active’ if they made upward-directed movements of the forepaws, horizontal movements 182 
across the cylinder (including rapid changes in the rat’s direction) or dived to the bottom of the 183 
cylinder before resurfacing. Immobile behavior was recorded if rats were floating in the water 184 
without any signs of struggling. Small movements of the back limbs were permitted in this category 185 
if they served only to keep the animals head out of the water. Escape behavior was recorded if the rat 186 
was able to leave the cylinder. This would be considered as one escape. For every subsequent 2 s 187 
period where the rat was out of the water, an ‘X’ would be recorded so that it was not included in 188 
subsequent analysis. Percentage time spent active, immobile or escaping was then calculated for each 189 
animal.  190 
 As the primary observer was not blind to rat strain, a single session, chosen at random, was 191 
re-scored by a secondary observer (who was blind to the strain) using the criterion outlined above. 192 
Inter-rater reliability assessment revealed a strong positive correlation between the two observers’ 193 
immobility scores, r (22) = .975, p < .001.  194 
 195 
 Negative Anticipatory Contrast 196 
2.3.1.  Apparatus 197 
Testing was conducted in six automated drinking chambers (Med Associates Inc., St Albans, 198 
VT, USA), measuring 30 × 24 × 21 cm, and comprised of two clear Perspex and two aluminum 199 
walls. The chamber floor consisted of 19 steel rods, 4.8 mm in diameter and 16 mm apart. 200 
Approximately 5 cm above the grid floor, two holes each of 1 cm diameter were positioned on each 201 
side of one aluminum wall to allow the rat access to the solutions. Solutions were delivered through 202 
the right and left access holes by 50 ml cylinders with ball-bearing metal drinking-spouts. These were 203 
mounted to the cage via motorized holders that held the spout flush with the outside of the chamber 204 
and retracted it as required. Contact sensitive lickometers registered the timing of each lick made by 205 
the animal to the nearest 0.01 s, and a computer running MED-PC software controlled the equipment 206 
and recorded the data. The solutions used were 4% and 32% (wt/wt) sucrose formulated using 207 
commercial-grade cane sugar and deionized water.  208 
 209 
2.3.2.  Procedure 210 
All rats were habituated to the drinking boxes for 10 minutes each day for three days prior to 211 
the pre-training phase of the experiment. This was to overcome stress effects caused by a novel 212 
environment which may have differentially affected the potentially stress sensitive WKY rats. No 213 
solutions were made available during this habituation. During pre-training, rats were water restricted 214 
for 22 hours and then given access to water for 10 min from both the left- and right-hand side of the 215 
drinking chamber. Only one pre-training day was given, after which rats were returned to ad libitum 216 
water and remained so for the duration of the experiment. During initial training, drinking spouts 217 
were positioned inside the chamber to allow for easy detection by the rats, spouts were gradually 218 
moved back to be flush with the outside of the chamber across the first 3 days of training.  219 
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On each subsequent training day, the solution pairings were manipulated within subjects. Rats 220 
were presented with either a 4% sucrose solution followed by more 4% sucrose (the 4-4 condition) or 221 
a 4% sucrose solution followed by a 32% sucrose solution (the 4-32 condition). These daily solution 222 
pairings were presented in double alternation (e.g. ABBAABBA) and different contextual cues were 223 
used to signal which of the two solution pairings was in operation each day. There were thus 32 total 224 
testing days, with 16 days in each of the 4-4 and 4-32 conditions. For half the animals, context 1 225 
(consisting of bright light and normal grid floor) was paired with the 4-4 condition, and context 2 226 
(consisting of dim light provided by a table lamp and a wire mesh floor insert) was paired with the 4-227 
32 condition. The remaining subjects had the opposite pairings. The first solution in the pair was 228 
made available for 3 min on the left-hand side of the chamber. Following a 4 sec inter-solution 229 
interval, the second solution was then made available for 6 min on the right-hand side of the 230 
chamber. The apparatus and procedures are the same we have reported previously (Rebecca L. 231 
Wright et al., 2013). 232 
 233 
2.3.3.  Consumption and lick cluster size analysis 234 
 Consumption was assessed by weighing the bottle before and after each experimental run. 235 
Lick cluster size (defined as the mean number of licks per cluster) was extracted from the MED-PC 236 
data. As in our labs previous experiments using these general methods and equipment (e.g. Dwyer, 237 
Figueroa, Gasalla, & Lopez, 2018; Dwyer, Lydall, & Hayward, 2011; Lydall et al., 2010; Wright et 238 
al., 2013), a cluster was defined as series of licks, with each lick separated by no more than a 0.5 s 239 
interval. The same criterion had been adopted by Davis and his colleagues (e.g. Davis, 1989; Davis & 240 
Perez, 1993; Davis & Smith, 1992). Drinking data were collated into 2-session blocks.  241 
 242 
 Sucrose consumption 243 
 The same animals were re-tested to examine sucrose consumption across a range of 244 
concentrations without contrast. The solutions used were 2%, 8% and 24% (wt/wt) sucrose made 245 
daily with deionized water and the apparatus was as described previously. Because rats had already 246 
undergone anticipatory contrast testing involving multiple drinking sessions no pre-training or 247 
habituation was necessary. 248 
 Rats were given access to one of the three sucrose concentrations which were always made 249 
available from the left-hand side of the drinking chamber. Each concentration was given for three 250 
consecutive days and the order of sucrose presentations was counterbalanced so that half of the rats 251 
received the sucrose in order of increasing concentration (2-8-24) and the other half received them in 252 
order of decreasing (24-8-2) concentration. A two-day rest was given before the next concentration in 253 
the sequence was presented. All solutions were made available for 10 min each day. 254 
 Consumption and lick cluster size analyses were conducted using the same parameters 255 
described for anticipatory contrast. To minimize any effects of transition between concentration, data 256 
were analyzed across the last two days of exposure for each solution concentration. One animal (a 257 
WKY No-stress rat) was excluded from the descriptive and inferential statistics reported for the 258 
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sucrose consumption phase. This was due to abnormally high lick cluster size displayed by this 259 
animal for 32% sucrose, more than 3.5 standard deviations above the group mean.1  260 
 261 
 Data analysis 262 
 Immobility data in the brief swim test was analyzed with mixed ANOVA with a within-263 
subject factor of session (1-5), and a between-subject factor of strain (Wistar vs. WKY). Data from 264 
anticipatory contrast and consumption phases were analyzed with mixed ANOVAs with between-265 
subject factors of strain (Wistar vs. WKY) and stress (Stress vs. No stress), plus within-subject 266 
factors appropriate for each experiment: For anticipatory contest there were within-subject factors of 267 
block (1-8) and contrast condition (4-4 or control condition vs. 4-32 or contrast condition); for 268 
consumption there was a within-subject factor of concentration (2, 8, 24%). An alpha level of .05 was 269 
adopted as the level of significance throughout and Greenhouse-Geisser corrections for violations of 270 
the assumption of sphericity applied as appropriate. 271 
 272 
3. Results  273 
 Stress Manipulation & Brief Swim 274 
 Repeated swim test exposures occurring throughout the stressor protocol were analyzed over 275 
time (see Table S2 for the relationship between brief swim tests and other stressor events).  It was 276 
found that WKY rats spent more time immobile compared to their Wistar counterparts across all 277 
sessions (Figure 1). Time spent immobile also generally increased across sessions for WKY animals, 278 
unlike for the Wistar strain. ANOVA yielded main effects of session (F(4, 88) = 10.8, p < .001, ƞ2p = 279 
0.33) and strain (F(1, 22) = 187.7, p < .001, ƞ2
 
= 0.90), as well as a session × strain interaction (F(4, 280 
88) = 14.5, p < .001, ƞ2p = 0.45). Further inspection of the interaction revealed that that immobility 281 
significantly increased across sessions for WKY rats (F(4, 44) = 36.9, p < .001, ƞ2
 
= 0.77) but not 282 
Wistar rats (F < 1). Thus, the typical pattern of enhanced immobility for WKY animals in swim tests 283 
was replicated here. 284 
 285 
 Negative Anticipatory Contrast 286 
3.2.1.  First solution consumption – anticipatory contrast 287 
Figure 2 depicts consumption of the initially presented 4% sucrose solution across training 288 
blocks. In general, WKY rats consumed significantly less than Wistars did (Main effect of strain: F(1, 289 
44) = 13.8, p < .001, ƞ2p = 0.24), and stressed rats consumed less than non-stressed rats (Main effect of 290 
stress:  F(1, 44) = 6.1, p = .018, ƞ2p = 0.12), although no significant interaction was found between 291 
these factors (Strain × stress: F < 1).  These effects significantly varied across training blocks (Main 292 
effect of block: F(4.6, 199.0) = 59.9, p < .001, ƞ2p = 0.58), with strain and stressor effects increasing in 293 
effect size across blocks (block × strain: F(4.6, 199.0) = 3.4, p = .008, ƞ2p = 0.07; block × stress: F(4.6, 294 
199.0) = 3.2, p = .010, ƞ2p = 0.07); block × strain × stress: F(4.6, 199.0) = 2.6, p = .029, ƞ2p = 0.06). 295 
 
1
 The removal of this animal does not impact on the significance (or otherwise) of main effects of strain, stress, or the 
interaction between them any analysis presented below.  
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Importantly, a significant anticipatory contrast effect was evident (Main effect of contrast: F 1, 296 
44) = 28.4, p < .001, ƞ2p = 0.39) where consumption of the initially presented 4% sucrose solution 297 
was lower when followed by the more palatable 32% sucrose compared to when followed by a 298 
second presentation of 4% sucrose. Critically, this anticipatory contrast effect did not differ 299 
significantly differ between strains and did not significantly interact with stress (contrast × strain, 300 
contrast × stress, contrast × strain × stress interactions: Fs < 1).  Consistent with anticipatory contrast 301 
effects emerging as a function of learning over training blocks, a significant block × contrast 302 
interaction was found (F(4.0, 175.8) = 4.0, p = .004, ƞ2p = 0.08).  This learning function did not 303 
significantly interact with strain or stress (block × contrast × strain, block × contrast × stress (Fs < 1), 304 
block × contrast × strain × stress (F(4.0, 175.8) = 2.0, p = .097, ƞ2p = 0.04). 2 305 
 306 
3.2.2.  First solution lick cluster size – anticipatory contrast 307 
Figure 3 depicts mean lick cluster size (LCS) during consumption of the initially presented 4% 308 
sucrose solution across training blocks. Overall, WKY rats produced fewer licks per cluster compared 309 
to Wistar rats (Main effect of strain (F(1, 44) = 17.2, p < .001, ƞ2p = 0.28). Stress did not significantly 310 
affect lick cluster size (Main effect of stress; stress × strain interaction, Fs < 1). As with consumption, 311 
significant anticipatory contrast effects were evident for lick cluster size (Main effect of contrast: F(1, 312 
44) = 9.4, p = .004, ƞ2p = 0.18), with lick cluster size for the initially presented 4% sucrose solution 313 
lower when followed by the more palatable 32% sucrose compared to when followed by a second 314 
presentation of 4% solution. Critically, this contrast effect was significantly smaller in WKY than 315 
Wistar rats (contrast × strain: F(1, 44) = 4.4, p = .041, ƞ2p = 0.09). The contrast effect was not influenced 316 
by stress (contrast × stress, contrast × strain × stress, Fs < 1). Consistent with the emergence of effects 317 
over training, there was a main effect of block (F(3.6, 156.4) = 7.5, p < .001, ƞ2p = 0.15), and a block 318 
× contrast interaction (F(4.0, 175.8) = 3.0, p = .020, ƞ2p = 0.06). There was also a block × strain 319 
interaction (F(3.6, 156.4) = 6.1, p < .001, ƞ2p = 0.12), but not block × stress (F(3.6, 156.4) = 2.1, p = 320 
.091, ƞ2p = 0.05), nor block × strain × stress (F(3.6, 156.4) = 1.264, p = .228, ƞ2p = 0.03). There were 321 
no significant interactions between block × contrast × strain, block × contrast × stress (Fs < 1), or block 322 
× contrast × strain × stress (F(4.0, 175.8) = 1.4, p = .194, ƞ2p = 0.03).  323 
To aid interpretation, the critical contrast × strain interaction was explored further with separate 324 
ANOVAs conducted on each strain with factors of block and contrast condition. Wistar rats showed 325 
significant main effects of contrast (F(1, 23) = 7.5, p = .012, ƞ2p = 0.25) and block (F(3.1, 72.0) = 7.6, 326 
p < .001, ƞ2p = 0.25), but no contrast × block interaction (F(3.4, 79.3) = 1.7, p = .122, ƞ2p = 0.07). 327 
WKY rats presented with a different pattern of findings, where there was no significant main effect 328 
of contrast (F(1, 23) = 2.9, p = .103, ƞ2p = 0.11) or block (F(2.8, 63.7) = 1.776, p = .165, ƞ2p = 0.07), 329 
but there was a significant contrast × block interaction (F(3.8, 88.1) = 2.9, p = .008, ƞ2p = 0.11). 330 
 
2
 Although the test consumption of sucrose represents only a fraction of the rats overall energy intake, the caloric 
requirements of animals generally scale such that they relate to weight0.75 (Kleiber, 1947). If this scaling is applied to the 
consumption tests described above, the main effect of rat strain is removed (F < 1), but the remaining features of the 
analysis are unaffected (with the exception of the 4-way block × contrast × strain × stress interaction that becomes 
significant (F(3.9, 169.8) = 2.5, p = .049, ƞ2p = 0.05). Therefore, differences in bodyweight may have contributed to the 
lower overall consumption exhibited by WKY rats. This, together with the dissociation between stress effects on 
consumption and lick cluster size measures, reinforces the idea that consumption measures alone can be ambiguous 
indicators of hedonic responses. 
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These results suggest that lick cluster size in WKY rats did show some sensitivity to contrast as 331 
training progressed, but far less than the Wistar controls, possibly due to the generally low levels of 332 
hedonic response seen in the WKY animals overall. While the anticipatory contrast effect was 333 
attenuated for WKY No-stress and Stress rats with a lower lick cluster size difference for first 334 
presentation 4% sucrose solution between the two contrast conditions than for the Wistar controls, a 335 
contrast effect in WKY animals was apparent by the end of the experiment, most obviously for the 336 
No-stress group.  337 
 338 
3.2.3.  Second solution consumption – low vs high sucrose concentration 339 
 Figure 4 depicts consumption of second presentation solution (4% or 32% sucrose) across 340 
training blocks.  Note that consumption levels were larger than for first presentation because the first 341 
bottle was only made available for 3 minutes and the second bottle for 6 minutes. Like the first 342 
presentation data, WKY rats generally consumed less during second presentation compared to Wistars 343 
(main effect of strain: F(1, 44) = 65.2, p < .001, ƞ2p = 0.60), and stressed animals consumed less than 344 
non-stressed animals (Main effect of stress: F(1, 44) = 8.1, p = .007, ƞ2p = 0.16), again in the absence 345 
of a significant stain × stress interaction (F < 1).  In general, there was higher consumption of the more 346 
palatable 32% sucrose solution compared with the moderately palatable 4% sucrose solution (Main 347 
effect of solution concentration: F(1, 44) = 23.8, p < .001, ƞ2p = 0.35). The differential consumption of 348 
the 4% and 32% sucrose solutions was not significantly impacted by factors of strain or stress 349 
(concentration × strain: F(1, 44) = 1.1, p = .294, ƞ2p = 0.03, concentration × stress, concentration × 350 
strain × stress, Fs < 1).  Consistent with the progressive increase in consumption as a function of 351 
training, there was a main effect of block (F(3.3, 145.5) = 91.8, p < .001, ƞ2p = 0.68), which was not 352 
significantly impacted by factors of strain, stress or solution concentration (block × strain: F(3.3, 145.5) 353 
= 1.0, p = .385, ƞ2p = 0.02; block × stress: F(3.3, 145.5) = 2.5, p = .058, ƞ2p = 0.05; block × strain × 354 
stress,  F < 1; block × concentration: F(2.8, 123.2) = 1.689, p = .176, ƞ2p = 0.04; block × concentration 355 
× strain; block × concentration × stress; or block × concentration × strain × stress, Fs < 1). 3 356 
 357 
3.2.4.  Second solution lick cluster size – low vs high sucrose concentration 358 
Figure 5 depicts mean lick cluster size (LCS) during consumption of second presentation 359 
solution (4% or 32% sucrose) across training blocks.  Overall, WKY rats exerted significantly fewer 360 
licks per cluster compared with Wistar animals (main effect of strain: F(1, 44) = 18.6, p < .001, ƞ2p = 361 
0.30). Lick cluster size was not significantly influenced by the application of an external stressor (main 362 
effect of stress; stress × strain interaction, Fs < 1). As for consumption, lick cluster size was 363 
significantly greater for 32% sucrose solution compared to 4% sucrose (main effect of concentration 364 
(F(1, 44) = 9.4, p < .001, ƞ2p = 0.32). Critically, this effect significantly varied with strain 365 
(concentration × strain interaction (F(1, 44) = 5.817, p = .020, ƞ2p = 0.12), but not with stress 366 
(concentration × stress, or concentration × strain × stress interactions (Fs < 1). In addition, lick cluster 367 
size for second presented solution was also subject to significant change over training (main effect of 368 
block: F(3.4, 149.9) = 7.8, p < .001, ƞ2p = 0.15). While there was no significant block × concentration 369 
interaction (F(3.5, 153.5) = 1.2, p = .326, ƞ2p = 0.03), there were both significant block × strain (F(3.4, 370 
 
3
 If the bodyweight scaling described previously is applied to the consumption tests reported here the main effect of rat 
strain is greatly reduced in effect size but remains significant (F(1, 44) = 212, p < .001, ƞ2p = 0.33). The remaining 
features of the analysis are unaffected by normalization. Therefore, differences in bodyweight may have contributed to 
the lower overall consumption exhibited by WKY rats. 
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149.9) = 12.1, p < .001, ƞ2p = 0.22), and block × concentration × strain (F(3.5, 153.5) = 5.6, p < .001, 371 
ƞ2p = 0.11) interactions.  The factor of stress did not significantly interact with any statistical 372 
comparison involving the factor of block (block × stress, F < 1; block × strain × stress:  F(3.4, 149.9) 373 
= 2.2, p = .082, ƞ2p = 0.05;   block × concentration × stress, F<1; block × concentration × strain × stress: 374 
F(3.5, 153.5) = 1.8, p = .150, ƞ2p = 0.04). 375 
Further exploration of the critical concentration × strain interaction described above revealed 376 
that, although the difference in lick cluster size between 4% and 32% sucrose was smaller in WKY 377 
than Wistar rats, it was nevertheless significant in both groups (WKY, main effect of concentration: 378 
F(1, 23) = 4.7, p = .040, ƞ2p = 0.17; Wistar, main effect of concentration: F(1, 23) = 16.9, p < .001, ƞ2p 379 
= 0.42). In summary, for Wistar rats, irrespective of stress, lick cluster sizes elicited during 380 
consumption of the 32% solution were higher compared with when the 4% solution was consumed, 381 
reflecting the greater palatability of this solution. Likewise for WKY rats, lick cluster size was also 382 
marginally higher for the 32% sucrose solution than for the 4% sucrose solution, at least early in 383 
training. This suggests that, while the hedonic reaction of WKY rats to palatable sucrose is materially 384 
blunted, it is not entirely absent. 385 
 386 
 Sucrose consumption 387 
3.3.1.  Consumption of 2, 8, & 32% sucrose 388 
Figure 6 (Panels A and C) depicts the mean consumption of the three sucrose concentrations (2, 389 
8 and 24%) for Wistar and WKY rats, separated into Stress and No-stress groups. Sucrose 390 
concentration influenced total consumption, with the moderate (8%) solution instead eliciting the 391 
highest intake across animals (main effect of concentration: F(1.6, 67.6) = 194.2, p < .001, ƞ2p = 0.82). 392 
Regardless of concentration, WKY rats consumed significantly less than their Wistar counterparts 393 
(main effect of strain: F(1, 43) = 15.2, p < .001, ƞ2p = 0.26) and stressed rats consumed significantly 394 
less than non-stressed rats (main effect of stress: F(1, 43) = 7.0931, p = .011, ƞ2p = 0.14). There was no 395 
significant strain × stress interaction (F < 1), indicating that stress did not differentially affect intake 396 
levels across the Wistar and WKY strains. There was also no strain × concentration (F < 1), stress × 397 
concentration (F(1.6, 67.6) = 1.1, p = .307 ƞ2p = 0.03), or strain × stress × concentration interactions (F 398 
< 1). 4 399 
 400 
3.3.2.  Lick cluster size for 2, 8, & 32% sucrose 401 
Figure 6 (Panels B and D) depicts the mean lick cluster size (LCS) elicited by Wistar and WKY 402 
rats, separated into the two stress conditions, when consuming each of the three sucrose concentrations. 403 
While overall there was a significant concentration-dependent increase in lick cluster size (main effect 404 
of solution concentration: F(1.5, 64.4) = 49.9, p < .001, ƞ2p = 0.54), Wistar rats in general displayed 405 
significantly greater lick cluster size than WKY rats (main effect of strain: F(1, 43) = 30.7, p < .001, 406 
ƞ2p = 0.42) indicating a deficit in hedonic reactions to sucrose.  In addition, a significant strain × 407 
concentration interaction was evident (F(1.5, 64.3784) = 17.9, p < .001, ƞ2p = 0.29), but stress did not 408 
 
4
 If the bodyweight scaling described previously is applied to the consumption tests reported here the main effect of rat 
strain is removed (F < 1), but the remaining features of the analysis are unaffected. Therefore, differences in bodyweight 
may have contributed to the lower overall consumption exhibited by WKY rats.  
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significantly influence effects of other factors on lick cluster size (main effect of stress;  strain × stress 409 
interaction;  stress × concentration; concentration × strain × stress interactions, Fs < 1).  410 
Further exploration of the critical concentration × strain interaction was explored by 411 
performing separate ANOVA analyses for WKY and Wistar rats. In each analysis rats, a significant  412 
main effect of concentration (Wistar: F(2, 44) = 36.0, p < .001, ƞ2p = 0.62; WKY: F(2, 42) = 26.9, p < 413 
.001, ƞ2p = 0.56) was found, while there was no main effect of stress (Wistar: F(1, 22) = 1.0, p = .486, 414 
ƞ2p = 0.02; WKY: F < 1), and no stress × concentration interaction (Wistar: F < 1; WKY: F(2, 42) = 415 
1.5, p = .228, ƞ2p = 0.07). Thus, irrespective of stress, Wistar and WKY rats both increased the size of 416 
their licking clusters as the solution consumed increased in concentration. While lick cluster size 417 
increased concentration in WKY rats, their overall affective response to each solution appeared 418 
greatly reduced relative to Wistars.  This confirms the suggestion from the anticipatory contrast tests 419 
that, while the hedonic reaction of WKY rats to palatable sucrose is materially blunted, it is not 420 
entirely absent 421 
 422 
4. Discussion 423 
The present study highlighted how from the perspective of potential stress-diathesis animal 424 
modelling of depression that the application of a mild stressor sequence results in qualitatively different 425 
effects to those exhibited by WKY rats in tests of anticipatory and consummatory anhedonia.  Stress 426 
did not significantly exacerbate any behavioral differences exhibited by WKY rats. These results 427 
suggest potential utility of WKY rats in modelling aspects of depressive symptomatology, but caution 428 
for a more nuanced interpretation of the biological factors driving alterations in hedonic behavior.  429 
Measures of total consumption should not be considered biologically equivalent to other measures of 430 
palatability, and anticipatory and consummatory phases of hedonic responses can be behaviorally and 431 
biologically dissociated. 432 
Consumptive behavior during the sucrose preference test has been the most frequently used 433 
approach to infer potential impairments in hedonic response in several animal models of depression 434 
(e.g. unpredictable chronic mild stress, olfactory bulbectomy, social defeat, as evidenced by Antoniuk, 435 
Bijata, Ponimaskin, & Wlodarczyk, 2019; Burstein & Doron, 2018; Iniguez et al., 2018; Romeas, 436 
Morissette, Mnie-Filali, Pineyro, & Boye, 2009). While the present study apparently indicated the 437 
presence of decreased consumptive behavior of sucrose solution in WKY rats, as indexed by the total 438 
amount of solution ingested, a potential confound arises from the fact that WKY rats were of lower 439 
overall bodyweight than their age-matched Wistar counterparts. When bodyweight is corrected for the 440 
differences between WKY and Wistar rats were removed or greatly reduced. Previous findings have 441 
been somewhat mixed here, where for instance marked increases in sucrose consumption have been 442 
observed in WKY rats (Papacostas-Quintanilla, Ortiz-Ortega, & Lopez-Rubalcava, 2017). Other 443 
previous studies have not included a comparator strain as a control (e.g. Tacchi, Ferrari, Loche, & 444 
Bertolini, 2008), while others have found increased bodyweight of WKY rats compared to Wistars 445 
(Dommett & Rostron, 2013). These discrepancies should be borne in mind when considering the 446 
reliability of consumptive measures in this context and overall interpretation of such literature. 447 
Beyond overall consumption, the most general difference observed between WKY and Wistar 448 
rats was the far lower levels of lick cluster size seen in the WKY animals when consuming sucrose. 449 
Importantly, this difference in the lick cluster size measure of hedonic response is unlikely to be a 450 
product of either the differences in the amounts of the solutions consumed - because lick cluster size 451 
and consumption vary independently (Davis & Smith, 1992; Dwyer, 2012; Spector et al., 1998), as 452 
they do here with respect to the effects of stress, or the differences in body weight. We are aware of no 453 
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reports that body weight influences lick cluster size and in the current experiments there was no 454 
relationship between weight and lick cluster size. 5 Because lick cluster size is a direct indication of 455 
the palatability or hedonic response to the solution being consumed, this measure can be considered a 456 
clear analogue of consummatory anhedonia as seen in depression (Rizvi et al., 2016; Wu et al., 2017). 457 
In the sucrose consumption test involving single solution presentations of different concentrations of 458 
sucrose, WKY rats remained somewhat sensitive to the difference between sucrose concentrations, 459 
exhibiting larger lick cluster sizes for higher concentrations. Thus, consummatory hedonic responses 460 
were not entirely absent in WKY rats, but very markedly blunted. In addition to deficits in 461 
consummatory pleasure, anticipatory hedonic responses are also reported to be significantly 462 
diminished in depressed patients (Bylsma, Morris, & Rottenberg, 2008; Sherdell, Waugh, & Gotlib, 463 
2012) and may relate to impairments in episodic future thinking related to hedonic responses (Hallford 464 
et al., 2020). Results from the anticipatory contrast test conducted suggested that WKY rats were able 465 
to learn the contingencies in force during this study – displaying lower consumption of 4% sucrose in 466 
the context where 32% sucrose was anticipated later in the session. This finding is in line with the 467 
previously reported findings of sensitivity to positive and negative contrast in WKY rats (Dommett & 468 
Rostron, 2013). In the present study, negative anticipatory contrast effects on lick cluster size measure 469 
displayed a different temporal profile to that of contrast effects on consumption and were only reduced 470 
for the 4% solution by the end of the contrast training period. While the size of this anticipatory hedonic 471 
effect was far smaller than in Wistar controls, mean lick cluster sizes in WKY rats were low overall. 472 
There was a clear possibility that floor effects could limit the opportunity for WKY rats to display 473 
contrast effects on lick cluster size. Previous evidence is consistent with consumption and hedonic 474 
changes being independent effects of contrast, or with the consumption changes being the result of 475 
hedonic devaluation (Rebecca L. Wright et al., 2013). Such measures may be very important from a 476 
translational perspective, as presentation of anhedonic symptoms has been related to poorer prognosis 477 
and treatment sensitivity (e.g. McMakin et al., 2012; Moos & Cronkite, 1999). 478 
The impact of a sequence of stressful events on sucrose solution ingestive behavior was quite 479 
distinct to the baseline differences observed in WKY rats.  The stressors applied in the present study 480 
did result in generally lower levels of consumption across both the anticipatory and consumption 481 
phases of the experiment, an effect that survived bodyweight correction. Many prior studies have 482 
inferred hedonic deficits from reduction in sucrose consumption and/or preference. This has been 483 
particularly common in the case of the chronic mild stress model for depression (e.g., Forbes et al., 484 
1996; Muscat & Willner, 1992; Papp et al., 1991; Willner et al., 1987).  The current results reflect prior 485 
reports that chronic mild stress can reduce sucrose consumption, but the effects of stress did not extend 486 
to the more direct measure of hedonic reactions through the analysis of lick cluster size. That is not to 487 
suggest that chronic stress cannot produce hedonic deficits (indeed, see Clarkson et al., 2018; Dwyer, 488 
2012; for reports of just such effects), especially because the current stress protocol was deliberately 489 
chosen to be less intense than those typically used. Instead, the present study serves as a reminder that 490 
stress effects on consumptive and hedonic behaviors are not always overlapping in animal models, and 491 
that other non-hedonic influences may drive changes in consumptive behavior in such contexts. 492 
It is however noteworthy that the stress procedures applied in the present study did not exacerbate 493 
the hedonic deficits indicated by low lick cluster sizes seen in WKY rats, suggesting that this 494 
 
5
 For the negative anticipatory contrast experiment, the correlation closest to being significant was that between weight 
and lick cluster size for 4% sucrose in the 4-4 condition in Wistar rats, r(24) = -.301, p = .153. For the consumption 
experiment, the correlation closest to being significant was that between weight and lick cluster size for 8% sucrose in 
Wistar rats, r(24) = -.287, p = .174. 
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combination of parameters is not a viable stress-diathesis model. While this finding is consistent with 495 
some prior reports (e.g., Nam et al., 2014; Pare & Kluczynski, 1997) it is possible that the large 496 
endogenous deficit seen in the non-stressed WKY animals produced a floor effect which could obscure 497 
any additional stress effect. However, this explanation is challenged by the fact that stress effects on 498 
consumption per-se were not so obviously affected by potential floor effects and there was no stress-499 
induced enhancement of the WKY response for consumption.  It is interesting to consider that a stressor 500 
paradigm that induced a deficit per se could not exacerbate a qualitatively distinct deficit in WKY rats. 501 
The present results suggest that translation of the complexity of experiences of depression-precipitating 502 
stressful events in humans to stress-diathesis models in rats may require considerably more effort to 503 
validate (Willner & Belzung, 2015). 504 
Despite the lack of findings of stress-induced exacerbation on sucrose ingestive behavior in 505 
WKY rats, there was a strong effect of the repeated exposure to the brief swim test in these animals.  506 
The finding of generally greater immobility for WKY rats along with the fact WKY show greater 507 
increases in immobility across tests, is consistent with previous results (e.g., Lopez-Rubalcava & 508 
Lucki, 2000; Nam et al., 2014; Pare, 1989a, 1989b; Pare & Kluczynski, 1997; Pare & Redei, 1993; 509 
Rittenhouse et al., 2002). Because most swim test paradigms previously reported in the literature are 510 
far longer (e.g. involving a 15 min pre-test and a 5 min test period) than the 2 min sessions used here, 511 
the current results are novel in showing significant differences between Wistar and WKY rats despite 512 
a significantly reduced swim time. This has an important welfare implication in that reliable WKY 513 
deficits, and by implications other swim test effects, can be identified while reducing the overall 514 
exposure to the stressful environment of the test. Progressive increases in immobility of WKY rats with 515 
repeated exposure to swim tests potentially demonstrates that different behavioral parameters are 516 
differentially sensitive to stressors in these animals. However, there are two important limitations of 517 
this finding.  Firstly, the brief swim test was only administered within the context of a broader chronic 518 
mild stress paradigm, and future studies should consider whether such brief swim procedures are 519 
sensitive to WKY vs Control differences in the absence of additional stressors. The second limitation 520 
relates to interpretation of the translational relevance of changes in swim test behavior in the context 521 
of depression.  Some authors elegantly argue that swim testing in rodents has little construct validity 522 
with regard to depression symptoms in humans (Commons, Cholanians, Babb, & Ehlinger, 2017), but 523 
may more accurately index the ability of an animal to cope with stress. From this perspective, it could 524 
be speculated that WKY rats did not cope with the chronic mild stress paradigm as well as Wistar rats 525 
did, but that this differential sensitivity to stress did not manifest at the level of hedonic responding. 526 
A final very important limitation to acknowledge regarding this study was the focus on male rats, 527 
an unfortunate consequence of resource limitation.  It has long been proposed that there is a female 528 
bias in the incidence of depression (Weissman et al., 1993), and that there are sex-dependent 529 
differences in the expression of depressive symptoms (Cavanagh, Wilson, Kavanagh, & Caputi, 2017).  530 
Differential sex effects can also be observed with regard to stress vulnerability (Bangasser, Eck, 531 
Telenson, & Salvatore, 2018; Bangasser & Valentino, 2014; Bangasser & Wicks, 2017; Bangasser & 532 
Wiersielis, 2018; Wellman et al., 2018) and thereby the potential ability of stress to modulate ongoing 533 
depressive symptoms. In animal studies, sex has been shown to be an important variable in the 534 
expression of sucrose binging-like behavior in WKY rats (Papacostas-Quintanilla et al., 2017).  Other 535 
work suggests that female WKY rats exhibit less anhedonia than male WKY rats (Burke et al., 2016), 536 
although direct non-consumptive measures of anhedonia were not employed in this study.  Future work 537 
should more thoroughly test the effect of sex of WKY rats on stress-induced exacerbation of hedonic 538 
responses. 539 
 A greater appreciation of the heterogeneity of depressive symptoms and neurobiological 540 
substrates underpinning these effects makes discussion of the “best” animal models of depression 541 
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somewhat superficial, especially in the context of the hedonic tests applied here, that have been rarely 542 
reported in the previous literature.  However, understanding the behavioral profiles of animal 543 
models with greater resolution will greatly help in a consideration of their translational 544 
relevance, and which systems and circuits might be involved in the expression of these effects.  545 
WKY rats were found to be sensitive to some degree to differences between the present and 546 
anticipated sucrose solution in a contrast study, but nevertheless show greatly attenuated hedonic 547 
reactions to them. Thus, WKY animals display a specific hedonic deficit rather than a general 548 
insensitivity to reward. Further, a mild stress paradigm did not exacerbate effects on hedonic reactions 549 
in WKY rats.  Altogether, the current results are consistent with previous proposals that WKY rats are 550 
be a promising laboratory model for the study of hedonic aspects of depression (Nam et al., 2014; 551 
Overstreet, 2012; Wang et al., 2017; Willner & Belzung, 2015) but further work will be needed to 552 
establish a reliable diathesis-stress procedure. 553 
 554 
5. Figure legends 555 
 Figure 1 556 
Figure 1: Mean percentage of time immobile (± SEM) during 2min brief swim sessions for animals 557 
subjected to mild stressor protocols (Wistar: dark bars; WKY: light bars). WKY rats were 558 
significantly more immobile than Wistar rats, and the levels of immobility significantly increased 559 
across sessions in WKY but not Wistar rats (See Section 3.1 for details). See Table S2 for the timing 560 
of these sessions relative to the other experimental procedures.   561 
 Figure 2 562 
Figure 2: Anticipatory contrast in mean consumption (± SEM) of the initially presented 4% sucrose 563 
solution as a function of whether it was followed by either 4% sucrose (filled symbols) or 32% 564 
sucrose (open symbols), separated by (Wistar: Panels A and B; WKY: Panels C and D) and stress 565 
groups (No-Stress: Panels A and C; Stress: Panels B and D). The data presented is averaged over 566 
two-day blocks. The solution was available for 3 min per day. WKY rats consumed significantly less 567 
than Wistar rats, and stressed rats consumed significantly less than no-stress rats, and these effects 568 
did not interact. Critically, there was an anticipatory contrast effect (consumption of 4% sucrose was 569 
significantly lower when followed by 32% sucrose than 4% sucrose) and this effect did not interact 570 
with strain or stress manipulations (See section 3.2.1 for details).  571 
 Figure 3 572 
Figure 3: Anticipatory contrast in mean lick cluster size (LCS: ± SEM) of the initially presented 4% 573 
sucrose solution as a function of whether it was followed by either 4% sucrose (filled symbols) or 574 
32% sucrose (open symbols), separated by strain (Wistar: Panels A and B; WKY: Panels C and D) 575 
and stress groups (No-Stress: Panels A and C; Stress: Panels B and D). The data presented is 576 
averaged over two-day blocks. The solution was available for 3 min per day. WKY rats displayed 577 
significantly lower mean lick cluster size than Wistar rats, but there was no effect of stress or stress × 578 
strain interaction. Critically, there was an anticipatory contrast effect (lick cluster size, indicating 579 
hedonic responses, for 4% sucrose was significantly lower when followed by 32% sucrose than 4% 580 
sucrose) and this effect was significantly reduced in WKY compared to Wistar rats (See section 3.2.2 581 
for details). Differential lick cluster sizes for the 4% solution depending on the subsequent 582 
concentration of sucrose solution offers a potential measure of anticipatory anhedonia. 583 




 Figure 4 585 
Figure 4: Mean consumption (± SEM) of the second presentation solution made available each day as 586 
a factor of strain (Wistar: Panels A and B; WKY: Panels C and D) and stress (No-Stress: Panels A 587 
and C; Stress: Panels B and D). Filled symbols represent the consumption of 4% sucrose in the 588 
second bottle and open symbols represent the consumption of 32% sucrose in the second bottle. Data 589 
presented is averaged across 2-session blocks. Solutions in the second bottle were made available for 590 
6 min. WKY rats consumed significantly less than Wistar rats, and stressed rats consumed 591 
significantly less than no-stress rats, but these effects did not interact. In addition, consumption of 592 
32% sucrose was higher than that of 4% sucrose, but this difference was not significantly influenced 593 
by strain or stress (See section 3.2.3 for details). 594 
 Figure 5 595 
Figure 5: Mean lick cluster size (LCS: ± SEM) for the second solution available each day (4 % vs. 32 596 
% sucrose) separated by strain (Wistar: Panels A and B; WKY: Panels C and D) and stress groups 597 
(No-Stress: Panels A and C; Stress: Panels B and D). Filled symbols represent responses to the 4% 598 
sucrose solution, the open symbols represent responses to the 32 % sucrose solution made available 599 
in the second bottle. Data presented is averaged across 2-session blocks. While both WKY and 600 
Wistar rats showed significantly higher lick cluster size for 32% than 4% sucrose (reflecting its 601 
higher palatability), this difference was significantly smaller in WKY rats and mean lick cluster size 602 
overall was significantly lower in WKY rats, indicating a blunted hedonic response (See section 3.2.4 603 
for details). 604 
 Figure 6 605 
Figure 6: Mean consumption (± SEM) (panels A & C) and mean lick cluster size (LCS: panels B & D 606 
(± SEM) as a function of concentration. This test involves single solution presentations only and 607 
thereby removes the anticipatory element of the previous contrast studies. Wistar rats are shown in 608 
the upper panels (A & B) WKY rats in the lower panels (C and D). For consumption, WKY rats 609 
drank significantly less than Wistar rats, and stressed rats consumed significantly less than no-stress 610 
rats, but these factors did not interact (See section 3.3.1 for details). While both WKY and Wistar rats 611 
displayed increasing lick cluster size with concentration increases (reflecting the higher palatability 612 
of more concentrated solutions), this effects was significantly smaller in WKY rats, which also 613 
displayed lower lick cluster size overall: a pattern of effects that is consistent with a partially 614 
preserved but extremely blunted hedonic responses in WKY rats (See section 3.3.2 for details). 615 
 616 
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